Abstract-The crosstalk between a single-ended line and a differential pair, and between differential pairs are investigated in this paper. First, the telegrapher's equations for multiconductor line are applied. Then the telegrapher's equations are solved by using the mode decomposition technique. Finally the mixed-mode S-parameters are derived to investigate the crosstalk and mode conversion.
INTRODUCTION
As clock frequency reaches the gigahertz band and signal transmission rate reaches the gigabit range, signal integrity issues, such as crosstalk between signals, are becoming serious problems in the interconnection of signals.
Comparing with the single-ended signaling, differential traces are highly resistant to common-mode noise from other signals or external fields, reduce the common-mode radiation levels, and improve the signal integrity as well as the dynamic range [1] [2] [3] . Compared to single-ended signaling, differential signaling uses double the number of interconnects. N singleended signals need N + 1 interconnects, while N differential signals need 2N interconnects. As the circuit packaging density continues to increase, the number of interconnects will be a limiting factor. It is desirable to send as much data as possible between two points using a minimum number of interconnects. Inserting an extra signal information by using the common mode into the differential signaling is a promising technique [4] . Theoretically, the differential and common modes are orthogonal with each other, thus the two signals can be transmitted on the same physical channel without affecting each other. The circuit to implement this idea is illustrated in Fig. 1 . The differential signal is generated by the switching array S 1 and S 2 . Another signal is introduced which is connected to the center of two resistors at both ends. Since this signal only influences the commonmode signal, the original differential signal is not affected [5] . The schemes for commonmode transmission in differential pair is shown in Fig. 2 . V d and V c are the original differential and common-mode signals. Since the two signals transmit on the same physical channel, the signal on the circuit will be the combination of the two signals. Here we denoted the combination signal as V out . Since the differential and common modes are orthogonal, thus from the difference of the combined signal, the differential-mode signal can be obtained. On the other hand, from the sum of the combined signal, the common-mode signal can be extracted. While in theory the differential and common modes are orthogonal, in practice, inevitable nonidealities, such as mismatch due to vias, connectors, and ground bounce, lead to crosstalk problems. The crosstalk may exist in several different manners. First, signal coupling between modes causes mode conversion between differential and common mode. Furthermore, if a differential pair is near to a single-ended trace or another differential pair, the crosstalk between them may occur. In this work, as a preliminary study, we consider the crosstalk to differential lines from a nearby singleended trace or another differential pair. First the crosstalk and mode conversion are analyzed.
In our analysis, the differential pairs are considered as parallel transmission lines thus the telegrapher's equations for multi-conductor lines can be applied [6] . Then the telegrapher's equations are solved by using a mode decomposition technique. The mixed-mode S-parameters are derived to investigate the crosstalk and mode conversion. The measurement of the crosstalk and mode conversion are also conducted. The characteristics of the near-end crosstalk (NEXT) and far-end crosstalk (FEXT) are also examined and discussed. 
NETWORK EXPRESSION FOR (4+1)-CONDUCTOR LINES
Two pairs of differential traces run parallel on a PCB is shown in Fig. 3 . The line voltages V i and line currents I i (i = 1, 2, 3, 4) for each trace are also shown in the figure. At the first step, we just consider the traces as four conductor transmission lines above a reference conductor, i.e., (4+1)-conductor lines. If the traces are x-oriented, then the telegrapher's equations are
where
T are respectively the line voltage and current vectors with the superscript T denoting the transpose of the vector, L and C are the per-unit-length inductance matrix and capacitance matrix, respectively. Both L and C are symmetric matrices. The equations in (1) are a set of eight, coupled, first-order partial differential equations. They can be solved using the mode decomposition technique [6] . This technique decomposes the line voltages and currents into four independent modes, then the eight coupled telegrapher's Equation (1) are transformed to eight uncoupled equations. The primary solution process of the mode decomposition technique is to find transformation matrices T v and T i , which change the actual line voltages and currents, V and I, to the mode voltages and currents V m and I m , i.e.,
The solution of the eight uncoupled equations can be easily obtained in the same fashion of solving a bifilar transmission line. For example, without loss of generality, for lines of length , we can express the network expression between the mode voltages and currents in chain matrix as
where the matrices A m , B m , C m , and D m can be easily calculated from the mode impedances, phase constants, and the line length. Thus for the actual line voltages and currents we have
This is the obtained chain matrix expression for the (4+1)-conductor transmission line system. From the above admittance matrix, the standard scattering matrix can be derived. This standard S-parameters can be further transformed to the mixed-mode S-parameters [7] , with which the crosstalk is analyzed.
MODELING AND ANALYSIS RESULTS FOR A SINGLE-ENDED LINE AND A DIFFERENTIAL PAIR
The mixed-mode S-parameters actually completely define the relations between the modes in the multi-conductor lines. For a single-ended line and a differential pair, i.e., three-conductor lines, Fig. 4 , the mixed-mode S-parameters are
The S ss11 , S dd33 , and S cc33 provide the input impedance information for the single-ended trace, and the differential and common mode respectively. The S dc43 and S cd43 , provide the mode conversion information between differential and common modes. And the four parameters S ds31 , S ds41 , S cs31 , and S cs41 provide the near-end and far-end crosstalk information from the single-ended trace to the differential mode and common mode. Since the crosstalk is actually a function of the traces separation, we will investigate the effect of the trace separation on the crosstalk. Parametric simulations were conducted for this investigation. All geometries were fixed except the center-to-center distance between the single-ended trace and the differential pair, D, Fig. 4 , is changed. First, the effect of the trace separation on the input impedance of the single-ended trace, the differential-mode, and the common-mode are shown in Fig. 5 . The separation is changed from 4.5 mm to 9.5 mm. First, one can see the input impedance of the common mode is almost not affected by the changing of the separation D. On the contrary, the effect on the input impedance of the differential mode, and the single-ended line is obvious, especially for the differential mode. Next, let's look at the resonance frequency. One can see the resonance frequency of the common mode is always less than that of the differential mode. In other words, the differential mode propagates faster than the common mode. This is because the differential mode has more electric flux in the air, leading to a lower effective permittivity and higher phase velocity. Furthermore, one can see that, narrowing the space between the single-ended trace with the differential pair will cause the differential mode faster.
The mode conversion between differential and common modes is shown in Fig. 6(a) . One can see, up to 3 GHz, the mode conversion is less than −20 dB. In Fig. 6(b) , the mode conversion at 2 GHz is shown as a function of the separation D. One can see the mode conversion falls off quickly as the separation is increased. With doubling the separation, the reduction in the mode conversion is about 22 dB. In Figs. 7 and 8, the crosstalk from the single-ended trace to the differential mode and common mode are shown respectively. For both near-and far-end crosstalk, one can see the levels for the differential mode are lower than those of the common mode. When the separation D is 4.5 mm, for the near-end crosstalk, the common-mode response is about −17 dB, where the differential mode response is about −20 dB. For the far-end crosstalk, the common-mode response can be up to −7 dB, where the differential response is about −15 dB. In Fig. 9 , the crosstalk levels are shown versus the separation D. One can see the crosstalk falls off quickly as the separation is increased. With doubling the separation, the reduction in the near-end crosstalk from the single-ended trace to the differential mode is about 16 dB, and the reduction in the far-end crosstalk to the differential-mode is about 9 dB. On the other hand, the reduction in the near-end crosstalk to the common-mode is about 11 dB, and the reduction in the far-end crosstalk to the common-mode is about 8 dB. That is, the reduction for the crosstalk to the common mode is not as effective as for those of the differential mode. Furthermore, the reduction for the far-end crosstalk, both for the differential mode and common mode, is not as effective as for the near-end crosstalk. The crosstalk between differential pairs are smaller than those for the case of a single-ended line to a differential pair. But the behaviors for both the near-and far-end crosstalks are similar to those discussed above. 
CONCLUSION
The crosstalk between a single-ended line and a differential pair, and the crosstalk between differential pairs have been analyzed based on the telegrapher's equations for multi-conductor lines. The obtained results can give guidelines for design the differential interconnects for minimizing the crosstalk. That is the goal of this work. Several possible differential-line structures will be considered, including the co-planar lines, stacked-pair lines, diagonal-pair lines, to find a design of the interconnects that minimizes the crosstalk. Different structures may exhibit different crosstalk characteristics, and the crosstalk may be decreased by properly setting the differential pair. Furthermore, the effect of routing guard traces and ground tracks will also be examined.
